Abstract-A number of experimental and epidemiological investigations have provided evidence that the health status and aging rate may largely depend on the conditions of early development. Several recent studies provided data suggesting that effects of stresses in early development can be inherited transgenerationally, causing changes of various characteristics in subsequent generations. It has been shown that epigenetic factors associated with regulation of genetic expression, including DNA methylation and modifications of histones and microRNAs, can play a key role in transgenerational inheritance. Until now, it has been generally accepted that the complete erasure of epigenetic marks takes place during gametogenesis and early embryogenesis. In recent years, however, several papers obtained data demonstrating that, in certain cases, epigenetic modifications induced during early ontogenesis could not be erased completely and be transmitted to descendants, affecting their phenotype over several generations. This review provides data of epidemiological and experimental studies showing the possibility of transgenerational inheritance of life expectancy and longevity-associated traits in several generations.
In recent years, biological mechanisms that determine the rate of aging and human life expectancy became a subject of intense research. Traditionally, gerontological studies are mainly devoted to the investigation of adult lifestyle as a main factor determining the rate of aging and longevity. However, data of experimental, epidemiological, and clinical studies obtained during the last two decades suggest that the risk to certain age-related chronic diseases may be "programmed" in the early stages of life [1] [2] [3] . This is due to the fact that the period of development of all living beings is characterized by a high degree of plasticity, which provides the possibility of forming different phenotypes on the basis of one and the same genotype, depending on the environment conditions in the early stages of ontogeny. A large number of epidemiological studies have shown that the risk of various chronic diseases of old age (including metabolic and cardiovascular pathologies, as well as cancers) may largely depend on features of maternal nutrition, smoking, and infections during pregnancy and the first months after birth [3] . It is shown that the adverse effects of various environmental factors can modulate expression profiles of many genes, thereby affecting the growth and development of the fetus [2, 3] . Such changes in transcriptional activity of genes can be stably reproduced in a number of cell generations, imposing long-term effects on the phenotype and, if the conditions of the subsequent life are similar to the conditions in which its early development took place, promote adaptation of the body and increase its chances of survival. In the case when the conditions in which early development of the organism takes place differ from those later in life, it may subsequently lead to chronic diseases and shortening of life [2] . These assumptions served as a basis for formulating the Developmental Origins of Health and Disease (DOHaD) hypothesis. In recent years, it was proven that early development conditions may affect not only the propensity to age-related pathology but also the rate of aging itself and even life expectancy [4] .
According to the point of view dominating the scientific community, the most likely cause of developmental programming of adulthood diseases are processes that take place at the level of epigenetic regulation of gene activity. Epigenetics can be defined as the study of mitotically and/or meiotically heritable changes in gene expression that are not due to changes in the nucleotide sequences comprising the DNA [5] . Currently known epigenetic mechanisms include DNA methylation, histone modifications, and regulation at the microRNA level [1] [2] [3] . In mammals, epigenetic marks are established in the early stages of development and remain relatively intact during ontogeny [6] . However, there is evidence that epigenetic modifications may occur throughout the life cycle of an individual. Thus, it was revealed that aging is accompanied by total DNA demethylation in different tissues of vertebrates [7] . It is assumed that these processes can lead to increased genomic instability with aging [7, 8] . Age-related epigenetic changes were proven in studies carried out on monozygotic twins. These studies showed that differences in the epigenetic characteristics of twins, including DNA methylation and histone acetylation, increase with age. These data provided the basis for formulating the concept of ageassociated epigenetic drift, which may occur not by chance but in accordance with certain environmental factors at certain stages of ontogeny [9] .
Over the past two decades, it was proven that the effects induced by certain environmental factors and associated with developmental programming can persist transgenerationally (that is, in subsequent generations). Within the framework of traditional concepts; such effects are usually explained either by induction of changes at the genetic level or long-term preservation of the same adverse conditions that originally led to their emergence. Nevertheless, lots of data were obtained that the rise of these long-term lingering effects can be due to changes induced by certain types of stress at the level of epigenetic regulation of gene activity and transmitted from ancestors to descendants [10, 11] . This type of inheritance in current scientific literature is referred to as soft inheritance as opposed to hard inheritance by means of the genetic material that remains intact for generations, except for stochastically occurring mutations [12] . Many authors consider the role of soft inheritance in the processes taking place at the level of populations of different species insignificant. However, there is more and more evidence that this type of inheritance is widespread and can have a significant effect on various biological processes: from adaptation at the individual level to evolutionary processes at the population level [6, 13] . In particular, many experiments carried out on rodents, guinea pigs, and sheep found that the rate of metabolism and aging in descendants may largely depend on quantitative and qualitative characteristics of maternal nutrition during pregnancy and lactation [14] .
However, it should be noted that, while developmental programming of adulthood diseases was described in many scientific publications, effects of transgenerational programming of aging features and life expectancy were described only in a few papers. The purpose of this brief review is to describe the conceptual basis, as well as experimental and epidemiological studies, that suggests that early life conditions may program the state of health and life expectancy of adult individuals not only in the generation directly exposed to certain environmental factors but also in subsequent generations.
Transgenerational Programming of Life Expectancy and Longevity-Associated Traits: Epidemiological and Demographic Evidence
A number of epidemiological and demographic studies on populations of different countries provided evidence of the possibility of transgenerational transmission of effects induced by stress during early ontogeny of the parent generation. For example, it was revealed that descendants of women who were exposed to the famine of 1944-1945 in the Netherlands (Dutch Hunger Winter) during their fetal development were 1.8 times more likely to have health problems later in life than descendants of women who were not exposed to starvation [15] . Subsequently, Vinendal et al. showed that descendants of fathers (not mothers) who suffered from in utero malnutrition were characterized by significantly greater weight and body mass index in adulthood than the offspring of parents who did not suffer from hunger [16] . The study of longterm consequences of famine in China in 1959-1961 (Great China Famine) found that descendants of parents who were born during the famine were significantly shorter (boys by 1.89 cm and girls by 1.78 cm) than children of parents who were not exposed to starvation during their early development [17] . According to the authors, this could have a negative impact on their health status both in childhood and adulthood. The possibility of transmission of such effects in generations was confirmed by the study of infants' in utero development of mothers that occurred in the period of fasting during Ramadan. These babies had lower height and weight, as well as smaller sizes of the placenta (which can lead to increased risk of cardio-metabolic pathologies in adulthood), than the in utero development of mothers that took place at a different time [18] . Some studies have also confirmed that the occurrence of epigenetic modifications in the parent and grandparent generations can greatly influence the risk of family cancer of various localizations [19] .
Evidence from several studies suggests that the effects associated with developmental programming can also influence age-dependent mortality and life expectancy of people. A series of works carried out on the cohorts born in 1890, 1905, and 1920 in the Overkalix district in northern Sweden found that human nutrition in the prepubertal period of development (9-12 years) can greatly influence the level of mortality and life expectancy of their grandchildren [20] [21] [22] [23] . It was found that the lifespan of descendants depends on the quality of nutrition of their ancestors (grandparents) during the period of slow growth, which precedes the period of rapid increase in the growing rate during puberty. It was also found that overeating during this age period can reduce life expectancy of their grandchildren. In addition, it was demonstrated that moderate father's nutrition and moderately abundant mother's nutrition is associated with a reduced risk of death from cardiovascular diseases in their off-spring. Moreover, the death rate due to diabetes was increased four times if the paternal grandfather received an unlimited amount of food during the period of slow growth [20] . Later, transgenerational association between the quality and quantity of food at the beginning of life of grandparents from the paternal side and life expectancy of grandchildren was revealed, manifesting primarily in an increase in the risk of death from cardiovascular diseases and diabetes in people whose grandparents were overeating during slow growth [22] [23] [24] . This association had gender characteristics: nutrition characteristics of grandmothers from the paternal side affected the mortality risk in granddaughters and those of grandfathers from the paternal side in grandsons [22, 23] . A recent study by the same research group demonstrated that sudden changes (from one year to another) in nutrition characteristics during slow growth of both ancestors from the maternal side, as well as grandparents from the paternal side, do not affect mortality of their offspring [25] . If such changes affected paternal grandmothers prior to puberty, their grandsons had a significantly increased risk of death from cardiovascular diseases. According to the authors, these effects are unlikely to be explained by the features of lifestyle or selective (genetic) processes. The most likely explanation, in their opinion, is the transfer of certain information through epigenetic marks that remain on the X chromosome of the sperm during meiosis [25] , as well as the transmission of this information by means of noncoding microRNAs [26] .
As an indicator of adverse development conditions, the research carried out in Sweden used illegitimacy, which for obvious reasons is associated with lower socio-economic standards of living than in the case of birth in two-parent families. That study revealed that the level of mortality in males and females born outside marriage in the early twentieth century was significantly higher in adulthood than that of people born in wedlock [27] . Males from that group were also less likely to live up to 80 years compared to those who had been born in a marriage. Similar trends were also characteristic of their children and grandchildren.
There has also been evidence that transgenerational effects affecting human health may result from the impact of factors not directly related to nutrition, in particular, the presence of toxins in the environment during development of the child. Similar data were obtained in respect to diethylstilbestrol, synthetic steroidal estrogen, which was used between 1938 and 1971 to prevent miscarriage and other pregnancy complications, but the use of which, as it turned out, leads to serious side effects, and so it was banned in the US and other countries. It was found that women whose grandmothers from the maternal side took diethylstilbestrol during early pregnancy have an increased risk of ovarian cancer [28] . Transgenerational effects on human health may also result from exposure to nicotine. The previously mentioned study found that smoking of residents of the Swedish district Overkalix in the prepubertal period led to an increase in the body mass index of their children at 9 years of age [22] . This effect, however, was manifested only in boys; it was not pronounced in girls. The paper of Nortston et al. [29] showed that smoking of boys during this period of development also leads to an increased risk of obesity in their sons during adolescence.
Results of epidemiological studies showing the possibility of transgenerational effects associated with developmental programming of health characteristics and age-dependent mortality in people are listed in Table 1 .
Investigation of Epigenetic Mechanisms of Transgenerational Inheritance in Experimental Studies
One of the main features of transgenerational (epigenetic) inheritance is that, as a rule, the severity of these effects decreases gradually and completely vanishes over 3-4 generations [30] . It is known that, during the transition from one generation to another, the epigenetic information accumulated during the life is cleansed. For example, mammals at stages of late gametogenesis and blastocyst implantation are characterized by almost complete demethylation of the genome followed by methylation de novo [31] . However, in recent years, there has been growing evidence that some epigenetic marks can stay preserved during these waves of demethylation/methylation and reproduced in the offspring over several subsequent generations [10] [11] [12] [13] . Some authors suggest that this kind of inheritance may have an adaptive value and allows populations to adapt faster in case of sudden changes in their conditions of living [32] . The most likely mechanisms behind transgenerational epigenetic inheritance are changes at the level of DNA methylation, histone modification, and the impact of certain factors localized in the cytoplasm (primarily small regulatory RNAs) [32] as well as prions [33] .
The following sections will describe results of the studies of mechanisms that determine transgenerational inheritance of life expectancy and longevityassociated traits in different model organisms.
Nematode
The possibility of transgenerational epigenetic inheritance of life expectancy in the nematode Caenorhabditis elegans was demonstrated in the paper of Greer et al. published in 2011 in the journal Nature [34] . In this paper, they showed that certain histone modifications, namely, changes in the H3K4me3 complex in the parent generation, may affect life expectancy of subsequent generations of nematodes. The authors crossed long-living mutant females carrying the modified H3K4me3 complex with wild-type males to obtain heterozygous descendants F1. Descendants of generation F2 were obtained by selffertilization of heterozygous worms F1, which as a result of splitting the descendants made it possible to separate heterozygous nematodes and homozygous mutant or wild-type individuals. Generations F3-F5 were designed in the same way. Surprisingly, it was found that the offspring of these crosses in generations F2-F4, genetically belonging to the wild type, was characteristic of the long-living phenotype similar to that of their mutant ancestors. Genome-wide profiling of the transcriptome of worms showed that longliving mutants and representatives of the wild-type F2-F4 descending from them demonstrate a similar level of transcriptional activity of many genes. This effect vanished only in generation F5, in which life expectancy normal for nematodes was restored. Later, in their analytical review, Lim and Brunet [35] suggested that the effects similar to those observed in this study are likely to be explained by the influence of microRNAs or specific transcription factors that determine the level of expression of genes associated with life expectancy, although one cannot exclude possible effects of other factors, such as prions.
Fruit Fly
Transgenerational effects with respect to life expectancy were found in a recent study carried out on the fruit fly Drosophila melanogaster [36] . In this work, flies after hatching from pupae were fed with a nutrition mixture of different ratios of proteins and carbohydrates. The diet with both reduced and significantly increased protein contents led to shorter lifetime of descendants. At the same time, nutrition with moderately increased protein contents resulted in a significant increase in lifetime of flies, where this effect persisted in generations F1-F3. Similar transgenerational effects were also detected with respect to reproductive activity of insects. Duncan et al. in a recent study examined mechanisms that supposedly influence processes of transgenerational inheritance in Drosophila [37] . They showed that breeding of females using a food mixture with high sugar contents results in a significant change in the body composition of their larval offspring as well as an increase in obesity manifestation and expression modifications of genes that play an important role in the control of metabolic processes during the subsequent two generations.
Zebrafish
Lombo et al. [38] carried out a study on zebrafish, one of the ray-finned fishes. Adult males during the period of spermatogenesis were exposed to bisphenol A (BPA) and then mated with intact females. Descendants of these crosses in generations F1 and F2 were characterized by a pronounced increase in the frequency of heart abnormalities. Generation F1 also revealed a significant decrease in transcriptional activity of five genes that play an important role in heart development in fish. Also, in the sperm of males, generations F0 and F1 revealed reduced levels of expression of genes involved in early development. In particular, these fishes were characterized by significantly altered insulin signaling (known to play an important role in processes determining the longevity potential [39] ) due to reduced expression of the beta-subunit of the insulin receptor.
Muscovy Duck
Transgenerational effects on metabolic parameters that largely affect life expectancy were detected in birds as well. A recent work carried out on the Muscovy duck studied how descendants are affected by the deficit of methionine, which is known to play a pivotal role in the process of DNA methylation [8] . It is shown that a deficiency of this component in female nutrition can affect the phenotypic manifestation in their descendants in generation F2. In particular, this led to a decrease in body weight of birds and an increase in their glucose and plasma triglyceride levels [40] .
Rodents
The experimental evidence indicating the possibility of transgenerational epigenetic inheritance of characteristics largely associated with longevity was also obtained in studies carried out on rodents. Descendants of male mice that received nutrition with low protein contents were characterized by increased expression of many genes involved in synthesis of lipids and cholesterol as compared to descendants of control animals. Characteristics of methylation of many genes, including the key regulator of lipid metabolism Ppara, were also changed [41] . In another study, induction of the prediabetes status in male mice resulted in an increased risk of diabetes in their offspring [42] . These effects were accompanied by modulation of the expression level of genes involved in glucose metabolism and insulin signaling in beta cells of the pancreas as well as changes in characteristics of methylation of these genes. In addition, the offspring of mice with prediabetes had significantly transformed characteristics of sperm methylome, and these changes largely coincided with modifications identified in beta cells. The study of Koturbash et al. [43] revealed a global decrease in methylation of the genome, as well as the accumulation of DNA breaks in thymic cells in the offspring of irradiated mice. According to the authors, such changes may indicate the destabilization of the genome and a higher risk of tumors in the offspring of exposed animals in several generations.
The experimental confirmation of the possibility of transgenerational inheritance of characteristics associated with longevity was also obtained in studies carried out on rats. Thus, it was revealed that the effect of vinclozolin (fungicide having antiandrogenic activity) during the critical period of embryo development increases the risk of serious disorders in adulthood, including infertility, tumor formation, and kidney and immune disorders, not only in individuals directly exposed to vinclozolin but also their descendants over four generations [44] . These effects were accompanied by variations of characteristics of DNA methylation of various genes in the sperm, which remain preserved for several generations. A more recent study, using genome-wide analysis of sperm DNA methylation in the offspring (F3) of animals exposed to vinclozolin, also revealed 16 genes with significant changes in DNA methylation parameters [45] . The same transgenerational effects regarding the propensity to adulthood diseases in rats experiencing epigenetic changes at the level of sperm DNA methylation resulted from prenatal exposure to other toxic compounds: dioxin [46] , endocrine disruptors used in the manufacture of plastics, including bisphenol A (BPA), diethylhexylphthalate (DEHP), and dibutyl phthalate (DBP) [47] , as well as pesticide methoxychlor [48] . In a later study of the same group of authors, the exposure of pregnant females to insecticide dichlorodiphenyltrichloroethane (DDT) led to obesity and obesity-associated diseases in more than 50% of their offspring (both males and females) in generation F3. In the same generation, the authors also identified changes in DNA methylation of genes related to development of obesity and metabolic syndrome [49] . Results of the studies that demonstrate transgenerational programming effects with regard to life expectancy and longevityassociated traits in experimental animals are summarized in Table 2 .
Conclusions and Future Perspectives
To date, a lot of experimental and epidemiological data about the possibility of transgenerational preservation of epigenetic modifications induced by stressful effects of nutritional and other nature during early development of the body have been accumulated. A number of studies found that epigenetic marks accumulated during life are never completely eliminated, as was previously thought, and some of them may be transmitted to subsequent generations, affecting the phenotype in the offspring. These processes, in particular, may affect the propensity to age-related diseases, and, especially, aging features and lifespan [10] [11] [12] [13] [14] . At the same time, the importance of these processes for determination of the aging rate in comparison with the importance of conventionally considered genetic factors and environmental conditions remains unknown. In order to determine the potential value of soft (epigenetic) inheritance in determining the rate of aging and longevity potential, future studies should answer some of the questions that are important for understanding the role of nongenetic inheritance. Some of these issues are presented below. Most of them were considered many times, but the answers obtained to date are incomplete, so these questions are still the subject of lively discussions.
(1) How common is transgenerational epigenetic inheritance? (2) What is the relative importance of soft (nongenetic) inheritance compared to hard (genetic) inheritance?
(3) For how many generations can transgenerational effects be reproduced? (4) Why do transgenerational effects vanish after a few generations?
(5) Can epigenetic inheritance affect genetic inheritance? (6) How can system (at the level of the entire body) signals be transmitted from somatic cells to generative cells and affect them? Vol. 71 No. 4 2016 ZABUGA, VAISERMAN (7) Are the mechanisms underlying transgenerational epigenetic inheritance identical in different species?
Most important in this context is the question of the mechanisms that determine transgenerational epigenetic inheritance of life expectancy. It is assumed that they may include DNA methylation, histone modifications, and variation of expression of small noncoding RNAs, which, in turn, regulate expression of longevity-associated genes [50] . Identification of molecular mechanisms underlying transgenerational inheritance of chronic diseases of old age and human life expectancy can make a big difference for the health care system. This will provide a better understanding of risk factors and etiologic mechanisms of pathological processes as well as to develop new therapeutic approaches to the treatment of diseases. 
Drosophila melanogaster
Increased sugar content in the nutrition mixture of females F2-F3 Obesity, metabolic disorders [37] Zebrafish Effects of bisphenol A F1-F2 Increased level of heart pathology [38] Muscovy duck Methionine deficiency in the feed of females F2
Reduced body weight and increased levels of glucose and triglycerides in blood plasma [40] Mouse Reduced protein content in the feed of males F1 Impaired synthesis of lipids and cholesterol [41] Mouse Induction of pre-diabetes in males F1 Diabetes; impaired glucose metabolism and insulin signaling [42] Mouse X-ray irradiation F1 Destabilization of the genome in thymic cells [43] Rat Impact of vinclozolin in the prenatal period F2-F5 Infertility, tumors, kidney diseases, immune disorders [44] Rat Exposure to DDT in the prenatal period F3 Obesity and obesity-associated diseases [49] 
